This study attempts to prepare Ni nano-magnetic fluid using the developed submerged arc nanoparticle synthesis system (SANSS). Using optimized process parameters, Ni nanoparticles having average diameter of 10 nm were be fabricated, and these Ni nanoparticles prepared by the SANSS has strong magnetic features. When the surfactant PVP-K30 is added to the prepared nanofluid, molecules of the surfactant adhere to the surface of the nanoparticles, enabling the nanoparticles to remain in steady suspension and good dispersion. The nanofluid thus obtained was magnetic and had good flow property. In contrast, Ni particles in nanofluid without surfactant added cannot maintain good dispersion and there is no interdependent motion between the particles and the fluid. Traditional magnetic fluids containing non-nanoscaled particles are non-Newtonian fluids with viscosity higher than that of pure fluids without particles, whereas magnetic fluids with well dispersed nanoparticles more closely resemble Newtonian fluids. The Ni nanoparticles fabricated by the SANSS has no residual magnetization or coercive force, thus showing superparamagnetism. Under the magnetic field effect, Ni nanoparticles will move in the direction of the magnetic field. Nanoparticles can resume steady suspension in the carrying liquid when the magnetic field is removed.
Ni Nano-Magnetic Fluid Prepared by Submerged Arc Nano
Synthesis System (SANSS)
Introduction
In recent years, magnetic nanoparticles have attracted a wide variety of applications, such as preparation of magnetic fluids, data storage and biomedical science. In 2000, Sun et al. succeeded in manufacturing FePt particles, which have magnetic properties and superlattice structure (1) . As reported by de Billas et al. (2) , when the temperature reaches −193
• C -727
• C, the magnetic moment of strong magnetic materials such as Fe, Co and Ni, which are made up of atom clusters containing tens to hundreds of atoms, can be significantly increased and become larger than that of the bulk material. They also discovered that magnetic moment varies with the size of the atom cluster.
The magnetic moment of a small atom cluster containing less than 30 atoms is close to that of the atom itself; while that of larger particles with around 700 atoms resembles that of the bulk material. In general, magnetic substances are mostly multidomain aggregates. Substances with extremely small dimensions normally tend to form their domains to be indistinguishable, and are thus regarded as single-domain materials. Hence, magnetic materials can be employed to fabricate magnetic nanoparticles or thin films. Magnetic nanoparticles mixed with a carrying liquid have the potential to become nano-magnetic fluids. In 1960, Papell at NASA found that after a long period of abrasion, there magnetite becomes superfine particles with diameter less than 10 nm (3) . When there particles were mixed with a surfactant, the surfactant can adhere to the surface of these magnetic nanoparticles, which then remain in good dispersion in the fluid, thus forming a nano-magnetic fluid. Magnetic fluids possess many exclusive physical properties. For example, under the influence of an external magnetic field, liquid-bearing can be formed between a rotating bearing and bearing bush, which are friction less and do not produce heat in a concealed environment. Oilbased magnetic fluids can serve as a lubricant when applied to gaps between fixed and moving mechanical parts.
In addition, owing to its magnetic property, the magnetic fluid can remain in the gap without leaking.
This research aims to prepare a nano-magnetic fluid using the developed submerged arc nanoparticle synthesis system (SANSS) (4) , (5) . Briefly, the process involves vaporization of a bulk metal by the submerged arc generated by high temperature. The vaporized metal is then rapidly quenched by a low-temperature dielectric liquid to suppress the growth of nanoparticles. The condensed particles suspended in the dielectric liquid are collected, followed by centrifugation and sedimentation, thus yielding the nanofluid. Materials chosen for preparing nanomagnetic fluid are mainly pure metals of strong magnetic properties. In this study, Nickel (Ni) is employed to produce Ni nanoparticles for the preparation of a Ni nanomagnetic fluid. The structure, morphology, dispersion, viscosity, and magnetic property of the Ni nano-magnetic fluid prepared will be examined. In addition, the effect on the magnetic fluid with surfactant added to the carrying liquid will also be investigated.
Experimental Methods
Experiments were conducted to obtain the important process parameters influencing the nucleation of nanoparticles in the SANSS. These parameters include applied electric current, voltage, duration of pulse on-off time, temperature of dielectric liquid and tool polarity. Figure 1 shows the schematic diagram of the SANSS. The morphology, structure, magnetic property, viscosity of the nanoparticles was then examined. At a designed heating and cooling conditions, Ni was vaporized by the vacuumsubmerged arc and cooled in dielectric liquid. The structure and composition of Ni nanoparticles thus obtained were examined by X-ray diffraction (XRD, MXP18, MAC Sience, Japan). The transmission electron microscope (TEM, JEOL1200EX II) and field-emission scanning electron microscopy (FESEM, JEOL JSM-6700F) and particle size analyzer (PSA, LB-500, Horiba, Japan) were also employed to observe the size and distribution of the nanoparticles. The superconducting quantum interference device magnetometer (SQUID, MPMS7, Quantum Design Co., USA) was used to analyze the magnetic properties of the nanoparticles. Process parameters were chosen to obtain more even particle size distribution in the more stable nanofluid in order to investigate on the effect of these parameters in relation to the magnetic properties. Table 1 displays the experimental parameters of this study. The minimum machining energy density, J min , is in a direct proportion to the thermal conductivity and melting point (λ×T m ) of the material used. The material processed by the SANSS is Ni, which requires a minimum machining energy density of 8.2 × 10 6 W/cm 2(6), (7) . Hence, when duration of both pulse-on and pulse-off is decreased, the discharge frequency can increase, thus raising the temperature of the plasma. The submerged arc generated under such high temperature can mainly be used for the subsequent vaporization process. The working vacuum cham- ber with low temperature and low pressure can effectively retard grain growth of prepared nanoparticles. Care must be taken to use the adequate energy level required in the fabrication process, so as to avoid causing excessive thermal stress to synthesis product. Proper control of the parameters and process can ensure steady fabrication of nano-fluid. Three different dielectric liquids were used, namely deionized water, ethylene glycol, and a mixture of the two in equal proportion. The particle size distribution obtained using the particle size analyzer is shown in Fig. 2 . As can be seen, the secondary particle mean sizes are 200 nm, 80 nm and 30 nm, respectively (within ± σ measurement range). TEM images shown in Fig. 3 reveal that the diameters of the particles obtained are all smaller than 30 nm.
Results and Discussion

1 Fabrication of Ni nano-magnetic fluid
Although the SANSS has successfully fabricated Ni nanoparticles dispersed in the nanofluids, the particles cannot maintain stable suspension in the carrying liquid due to their high activity in the magnetic fluid. There deposition can resist despite of ultrasonic vibration and centrifugation. To overcome this, we employ different types of surfactants to disperse the particles so as to achieve steady suspension.
2 XRD analysis
The structure of the nanoparticles manufactured is examined using XRD and compared with JCPD Card (No.04-0850). As seen in Fig. 4 , the nanoparticles prepared using SANSS have a high concentration of Ni, and the nano-magnetic fluid also mainly contains Ni nanoparticles with only a small portion of NiO present in the fluid. Hence, the overall structure of the fluid prepared is that of Ni nano-magnetic fluid.
3 Analysis on viscosity of Ni nano-magnetic fluid
Traditionally, non-nano scaled particles dispersed in fluid form colloid, causing the fluid to become non-Newtonian, where shear stress, τ, and shear rate,γ, are not necessarily linearly related. Its viscosity varies with changes Fig. 5 , there is a linear relationship between shear stress, τ, and shear rate,γ, of a magnetic fluid with a steep gradient close to that of a Newtonian fluid. However, the slope of the gradient is greater than that of a Newtonian fluid, so the magnetic fluid containing Ni particles shows expansibility of a non-Newtonian fluid.
Comparison of viscosity between the initial magnetic fluid and the carrying liquid is shown in Fig. 6 , indicating that fluid containing magnetic particles has higher viscosity. Even in the same carrying liquid, the flow property of magnetic particles in the fluid can be different. With were particles in the magnetic fluid, there is higher viscosity and the worse flow rate, whereas smaller particles result in lower viscosity and better flow rate. This change in viscosity resembles that of Newtonian fluids. Hence, in addition to the initial viscosity of the carrying liquid, the size of the magnetic particles contained is also a main factor influencing viscosity, and viscosity is a significant index of the magnetic fluid. The level of viscosity required will vary depending on the type of application. To prepare a stable magnetic fluid, not only should the particles fab- ricated be of nano size, but adding surfactant to the magnetic fluid can also achieve steady suspension and good flow property of the carry liquid. Five different types of 0.01 mole surfactant were added to obtain magnetic fluid with stable suspension, while maintaining magnetic properties of particles and high absorbability between fluid and particles. Our observations reveal that the surfactant PVP-K30 achieves the best results. With reference to previous studies, three surfactants were added to the carry liquid to observe their impact on fluid suspension and flow property. They were deionized water, ethylene glycol and a mixture of the two in equal proportion. We found that the best suspension can be achieved when a mixture of deionized water and ethylene glycol, each at 50%, was added to the carrying liquid. Figures 7 and 8 show the changes in flow properties of magnetic fluid with surfactant added. As can be seen, there is no significant difference in viscosity with and without surfactant added, implying that the flow property remains the same even after the surfactant is added. Among the five surfactants used, four are hydrophilic, dissolving in the carrying liquid, where only X-100, which is hydrophobic, cannot dissolve in the carrying liquid. As seen in Fig. 7 , with surfactant added, the gradient of relationship between shear stress and shear rate is higher than that of Newtonian fluid and the slope of the gradient is also greater. In other words, expansibility of the fluid becomes more obvious after the addition of surfactant. In fluid with high concentration of particles which are evenly distributed with no gravitation force in between, particles can interact freely with each other. However, nanoparticles are closely arranged and surfactant can only flow through the gaps between particles. Hence, such slow movement can be made under low shear rate. In contrast, high shear rate will pose a problem to the flow of surfactant along the gap, resulting in higher viscosity. As seen in • C. Magnetographs were obtained under magnetic field strength ranging from −1 to +1 T, as shown in Figs. 9 to 11. As can be seen, the average saturated magnetization, M s , of the fabricated nanoparticles is 21 810 Am −1 /g. Moreover, in Figs. 9 and 11, the average particle size of 20 nm is obtained with saturated magnetic field strength of around 0.275 T; while the average particle size shown in Fig. 10 is 50 nm with saturated magnetic field strength of around 0.4 T. These results reveal a linear relationship between particle size and saturated magnetic field strength. Our experiment also found almost no residual magnetism or coercive force. Hence, we conclude that the nanoparticles fabricated here had superpara- magnetism. That is to say, the particles fabricated are of sufficiently small dimension that the magnetic anisotropy energy is comparable with the thermal motion energy, and that the magneto-direction shows random rather than fixed changes. In addition, a test was conducted to examine the effect of adding surfactant to the carrying liquid on the magnetization of the particles in the magnetic fluid. The surfactant PVP-K30 was added to either ethylene glycol or a mixture of ethylene glycol and deionized water in equal proportion. Results obtained by the SQUID reveal little change in the magnetic moment for fluid with and without surfactant added. Comparison shows that the average saturated magnetization after addition of surfactant, shown in Fig. 12 , is 19 000 Am −1 /g, which is slightly lower than that without surfactant added, shown in Fig. 9 .
Conclusions
This study successfully used the SANSS to prepare a Ni nano-magnetic fluid. With average particle size of the Ni nanoparticles is 10 nm. Adding surfactant PVP-30 to the nano-magnetic fluid can reduce agglomeration of the nanoparticles, thus promoting better interdependent motion under magnetic field effect. In addition, the slope of the gradient (∆τ/∆γ) increases after the surfactant is added, resulting in significant better flow property of the magnetic fluid. When the viscosity of the magnetic fluid is higher than that of the carrying liquid, the flow property will be affected. With larger particles, there will be poorer flow property, and vice versa. Results obtained from SQUID shows that the Ni nanoparticles fabricated by the SANSS have no residual magnetism and coercive force, so they can maintain stable suspension in the magnetic fluid and display superparamagnetism. Conventional magnetic fluids are mostly made with ferrite particles in suspension. In contrast, Ni nanoparticles fabricated by the SANSS have higher magnetic field strength than that of ferrite particles, so the Ni nano-magnetic fluid thus prepared have the potential for a wider range of applications of better value.
